Serpentinization is a low-temperature metamorphic process by which ultramafic rock 8 chemically reacts with water. These reactions provide energy and materials that may be 9 harnessed by chemosynthetic microbial communities at hydrothermal springs and in the 10 subsurface. However, the biogeochemistry of microbial populations that inhabit these 11 environments are understudied and are complicated by overlapping biotic and abiotic processes. 12
Introduction 36
Serpentinization is the process by which ultramafic rock in the lower crust and upper 37 mantle of the Earth is hydrated, leading to the oxidation of ferrous iron in the minerals olivine 38 and pyroxene, and the release of hydrogen (H 2 ) and hydroxyl ions (OH -). The reducing power 39 supplied by serpentinization, when mixed with oxidants from surface and subsurface fluids, 40 creates chemical disequilibria that microbial populations can harness (McCollom, 2007; Amend 41 et al., 2011; Cardace et al., 2015) . However, due to the release of cations during rock weathering 42 much of the dissolved inorganic carbon (DIC) in serpentinite systems is precipitated as calcite 43 and aragonite (Barnes et al., 1978) . Consequently, small carbon-bearing compounds including 44 methane, carbon monoxide, and formate can take on important roles in sustaining microbial 45 ecosystems in serpentinites. The high pH and limited availability of both DIC and electron acceptors creates a challenging environment for microbial communities hosted in serpentinization-influenced environments (Twing et al. 2017) . 48
Overlapping biogenic and abiogenic processes in serpentinizing rocks make it difficult to 49 delineate carbon cycling pathways used in these environments (Figure 1 ). Under highly reducing 50 conditions, in the presence of specific mineral catalysts, hydrogen reacts with carbon dioxide 51 (CO 2 ) or carbon monoxide (CO) to form methane (CH 4 ) and small-chain hydrocarbons via 52
Fischer-Tropsch type reactions (McCollom and Seewald, 2001; Charlou et al., 2002; 53 CO 2 liberated from acetate (Brazelton et al., 2017) . Methanogens in The Cedars, CA, are capable 70 of producing methane from both inorganic carbon and a variety of organic carbon substrates: 71 acetate may be produced through fermentation (Kohl et al., 2016) , and communities that reside 72 deeper in the springs also possess a reductive acetyl-CoA pathway for autotrophic acetogenesis 73 (Suzuki et al., 2017) . Carbon monoxide may also be used as a substrate by microbial 74 communities in the Tablelands, Canada, but it appears to be primarily used as a source of energy 75 rather than carbon (Morrill et al., 2014) . The carbonate chimneys of the Lost City Hydrothermal 76
Field are dominated by a single species of archaea that may be capable of both production and 77 consumption of methane in tandem (Brazelton et al., 2011) . Genes encoding NAD(+)-dependent 78 formate dehydrogenase in metagenomes recovered from the Samail Ophiolite aquifer suggest 79 that formate is an important source of carbon in these DIC-limited hyperalkaline waters (Fones et 80 al., 2019) . In short, carbon assimilation in these environments is both enigmatic to researchers 81 and challenging for in situ microbial communities, but pathways and strategies utilizing alternate 82 sources of carbon supplied by serpentinization appear to be prevalent. 83
In this study, we examined the microbial metabolic potential and biogeochemistry of a 84 serpentinization-influenced aquifer in the Coast Range Ophiolite Microbial Observatory 85 (CROMO), California. Wells have been drilled at various depths and locations at CROMO such 86 that microbial processes can be explored across a wide range of physical and chemical 87 conditions. Carbon assimilation pathways in the microbial communities at CROMO were 88 investigated using a combination of metagenomic, metatranscriptomic, and metabolomic 89 approaches. Metagenomic data sets from nine of the twelve CROMO wells, and 90 metatranscriptomic data sets from four wells, obtained over multiple sampling trips, were 91 queried for complete pathways and individual genes associated with carbon assimilation. We then applied environmental metabolomics, an emerging approach used to directly assess the 93 products of ecosystem activity, on intra-and extracellular extracts from the two most alkaline 94 wells (CSW1.1 and QV1.1) to describe the dissolved organic carbon pools in these wells. This 95 study links the genetic potential of serpentinite-hosted communities to the observed 96 biogeochemistry of the groundwater in CROMO. 97 98
Materials and Methods 99

Site Description 100
The Coast Range Ophiolite in northern California is a 155-170 million-year-old portion 101 of oceanic crust tectonically emplaced on the North American continental margin. Trapped 102
Cretaceous seawater and circulating meteoric water reacts with ultramafic rock (Peters, 1993 The trimmed reads from the JGI were subjected to an additional quality screen to trim 3' 169 adapters with cutadapt v. 1.15 (Martin, 2011), to remove replicate sequences, and to trim 170 sequences again with a threshold of 20 along a sliding window of 6 bases with qtrim (part of the 171 seq-qc package: https://github.com/Brazelton-Lab/seq-qc). All CROMO metagenomes and 172 metatranscriptomes were pooled together for a master CROMO assembly computed with Ray 173 Frozen filters were cut into small pieces over a muffled piece of aluminum foil, using 219 methanol-washed scissors, then transferred into muffled amber glass vials. 2 mL cold extraction 220 solvent (40:40:20 acetonitrile:methanol:0.1 M formic acid) was added to each vial, and the 221 samples were sonicated for 10 minutes. Extracts were transferred to a centrifuge tube via pipette 222 and centrifuged at 20,000 × g for 5 min at 4 °C. The supernatant was then transferred to a new 223 amber glass vial, neutralized with 6 M ammonium hydroxide, and vacuum centrifuged to 224 dryness. Samples were dissolved in 495 µl 95:5 water:acetonitrile with 5 µl of 5 µg/ml of biotin-225 (ring-6,6-d 2 ) added as an injection standard (Rabinowitz and Kimball, 2007; Fiore et al., 2015) . 226
Dissolved organics were captured from the acidified filtrate on solid phase extraction 227 (SPE) Bond Elut-PPL cartridges (Agilent Technologies) and eluted with 100% methanol into 228 muffled amber glass vials (Dittmar et al., 2008; Fiore et al., 2015) . SPE-PPL cartridges were rinsed with methanol immediately before use. The supernatant was passed through the cartridge 230 using 1/8" × 1/4" PTFE tubing to pull the supernatant into the cartridge to minimize the 231 possibility of contamination from plastic leaching, while Viton tubing was used to remove the 232 discarded flow-through via peristaltic pump (flow rate not exceeding 40 ml/min). The cartridges 233 were then rinsed with at least 2 cartridge volumes of 0.01 M HCl to remove salt, and the sorbent 234 dried with air for 5 minutes. Dissolved Organic Matter (DOM) was eluted from the cartridge 235 with 2 ml methanol via gravity flow into a muffled amber glass vial. The eluate was then vacuum 236 centrifuged to dryness. Precipitated samples were dissolved in 495 µl 95:5 water:acetonitrile, 237 with 5 µl of 5 µg/ml of biotin-(ring-6,6-d 2 ). 238
The above protocol was repeated for 4 L milliQ water, and organics extracted from the 239 filter and filtrate as above as extraction blanks. 495 µl 95:5 water:acetonitrile plus 5 µl 5 µg/mL 240 biotin-(ring-6,6-d 2 ) was also run as a blank. MS/MS in negative ion mode using a data independent collection method (m/z acquisition range 250 50 to 1500 Da). OM levels were too low to allow distinction between samples and blanks from 251 the first run, so triplicate samples were pooled and run as before. After data was converted to centroid mode, raw data files were converted from proprietary Waters RAW format into XML-253 based mzML format using MSConvert (Chambers et al, 2012) . Data was processed using XCMS 254 (Smith et al., 2006) Metatranscriptomic data showed that the pathway was actively transcribed in all of the four wells 312 that were sampled for mRNA ( Figure 2 ; Figure 5 ). However, one of the initial steps of the 313 reductive acetyl-CoA pathway, the conversion of CO 2 to formate by NADP-dependent formate 314 dehydrogenase (FDH), appeared to be poorly expressed or altogether missing in both the 315 metagenomes and the metatranscriptomes ( Figure 5 ). Seven of the 66 MAG bins also contained a 316 nearly complete reductive acetyl-CoA pathway that was missing the genes encoding FDH 317 ( Figure 3 including bin completeness, contamination, and strain heterogeneity, is available in Table 1 ; a 328 phylogenetic tree comparing the MAGs to the three Serpentinomonas isolates is included in 329 Figure 4 ), suggesting that the prior perceived absence of these genes could have been the result 383 of a smaller dataset. Two MAG bins contain the complete methane oxidation pathway, and 384 another two contain a partial pathway (Figure 3) . No other known methane monooxygenases or 385 methanol dehydrogenases were identified in the metagenomes or metatranscriptomes. 386
The prevalence of formaldehyde-and formate-assimilation pathways in CROMO 387 reinforces the importance of methanotrophy as a carbon assimilation strategy in these microbial 388
communities. There is a wealth of metagenomic and metatranscriptomic evidence that 389 formaldehyde oxidation to formate and formaldehyde fixation to biomass can be performed by In methanotrophs, formate oxidation to CO 2 is carried out by the NADP-dependent 398 formate dehydrogenase that converts CO 2 to formate in the Wood-Ljungdahl pathway, operating 399 in reverse. As previously stated, the genes for this enzyme were not well-represented (and in 400 some cases missing) in the metagenomic data ( Figure 5 ). Formate can also be oxidized to CO 2 by 401 an NAD-dependent formate dehydrogenase (FDH) as part of the degradation of oxalate; 402 however, the complete suite of genes required to produce this enzyme was likewise poorly-403 represented or partially missing, particularly in the most alkaline wells (Supplemental Figure 2) . 404
This contrasts with subsurface wells in the Samail Ophiolite, where FDH encoding genes were 405 enriched in metagenomes recovered from alkaline and hyperalkaline groundwater (Fones et al., 406 2019). Therefore, while there is substantial metagenomic and metatranscriptomic evidence for 407 the production of formate from formaldehyde by the microbial communities in CROMO, 408 DNA/RNA evidence for the further oxidation of formate to CO 2 is lacking. 409 bicarbonate, or they may have bicarbonate transporters that solubilize carbonate. We did not 427 detect any ATP-binding cassette transporters for bicarbonate in our metagenomic data 428 (Supplemental Table 1 ). Alternatively, formate may be used as a carbon source in the CBB cycle 429 (Bar-Even, 2016) or in the rTCA cycle (Cotton et al., 2018) . Formate could thus be produced 430 from formaldehyde via formaldehyde oxidation and then used in assimilatory/anabolic pathways. 431
Evidence for the reductive acetyl-CoA pathway was also previously detected in several 432 wells (Twing et al., 2017). In this study, we found a nearly complete homoacetogenic reductive 433 acetyl-CoA pathway in the metagenomic and metatranscriptomic data from all but the two least 434 alkaline wells, except for one gene. The gene that encodes the beta subunit of formate 435 dehydrogenase (fdhB), which converts CO 2 to formate as the first step of the reductive acetyl-CoA pathway, represents <1 FPKM in every metagenome but two (N08A and N08B) ( Figure 5) , 437 and is only present in the metatranscriptomes of QV1.2 and N08B. Likewise, the genes for FDH 438 are missing from every MAG bin that possesses the reductive acetyl-CoA pathway (Figure 3 communities therefore seems to vary from site to site, and further work will be required to 497 uncover the geochemical conditions that drive its production and uptake. 498 499
Searching the Metabolome for Intermediates 500
Intermediates of formaldehyde oxidation and assimilation pathways did not match the 501 masses and retention times of any of the features in our metabolomics data. In negative ion 502 mode, glutathione derivatives should have appeared in the data as deprotonated or double-503 negatively charged molecules, but we did not detect masses that matched either of those possibilities. This may be due to the relatively low concentrations of DOM (3-13 mg/L) (Fiore et 505 al., 2015) , as well as bias introduced by our extraction method (Johnson et al., 2017) . 506
Tetrahydrofolate compounds would likely have been more easily detected in positive ion mode; 507 however, we ran our samples in negative mode in the hopes of capturing the broadest array of 508 precipitates, keeping the fluid cold to prevent further chemical alteration of the metabolites, and 519 prevention of contamination all precluded our ability to filter such large amounts of water. We 520 were also unable to detect formaldehyde using colorimetric methods in any of the wells. If 521 formaldehyde and its intermediates are cycled rapidly within the cell, it may be difficult to 522 identify and quantify these compounds with the techniques used in this study. Interestingly, 523 while the two wells with the highest pH (QV1.1 and CSW1.1) share highly similar microbial 524 communities (Supplemental Figure 3) with similar metabolic capabilities, the DOC pools 525 observed in these wells appear significantly different in character ( Figure 6 
